In humans, mutations in the gene encoding ATRX, a chromatin remodeling protein of the sucrose-nonfermenting 2 family, cause several mental retardation disorders, including ␣-thalassemia X-linked mental retardation syndrome. We generated ATRX mutant mice lacking exon 2 (ATRX ⌬E2 mice), a mutation that mimics exon 2 mutations seen in human patients and associated with milder forms of retardation. ATRX ⌬E2 mice exhibited abnormal dendritic spine formation in the medial prefrontal cortex (mPFC). Consistent with other mouse models of mental retardation, ATRX ⌬E2 mice exhibited longer and thinner dendritic spines compared with wild-type mice without changes in spine number. Interestingly, aberrant increased calcium/calmodulin-dependent protein kinase II (CaMKII) activity was observed in the mPFC of ATRX ⌬E2 mice. Increased CaMKII autophosphorylation and activity were associated with increased phosphorylation of the Rac1-guanine nucleotide exchange factors (GEFs) T-cell lymphoma invasion and metastasis 1 (Tiam1) and kalirin-7, known substrates of CaMKII. We confirmed increased phosphorylation of p21-activated kinases (PAKs) in mPFC extracts. Furthermore, reduced protein expression and activity of protein phosphatase 1 (PP1) was evident in the mPFC of ATRX ⌬E2 mice. In cultured cortical neurons, PP1 inhibition by okadaic acid increased CaMKII-dependent Tiam1 and kalirin-7 phosphorylation. Together, our data strongly suggest that aberrant CaMKII activation likely mediates abnormal spine formation in the mPFC. Such morphological changes plus elevated Rac1-GEF/PAK signaling seen in ATRX ⌬E2 mice may contribute to mental retardation syndromes seen in human patients.
Introduction
Typical ␣-thalassemia X-linked mental retardation (ATR-X; online Mendelian inheritance in man 301040) syndrome is a well known X-linked condition marked by cognitive deficits. ATR-X syndrome is characterized by various clinical manifestations including severe mental retardation, facial dysmorphism, genital abnormalities, and epileptic seizures (Wilkie et al., 1991; Gibbons et al., 1995a) . The ATRX gene encodes a protein containing two signature motifs: a plant homeodomain-type zinc finger domain and a DNA-dependent ATPase domain of the SNF-2 (sucrosenonfermenting 2) family, the latter of which is a putative ATPdependent chromatin-remodeling protein (Gibbons et al., 1995b , Picketts et al., 1996 . Several ATRX mutations have been identified in patients with ATR-X syndrome (Picketts et al., 1996; Gibbons et al., 1997; Fichera et al., 1998; Villard et al., 1999) . Mutations in ATRX are also found in Juberg-Marsidi syndrome (Villard et al., 1996a) , in Carpenter-Waziri syndrome , in mental retardation with spastic paraplegia , and in ATR-X patients without ␣-thalassemia (Villard et al., 1996b (Villard et al., , 1996c . These findings clearly indicate that multiple ATRX gene mutations are associated with a wide spectrum of clinical disorders. Relatively mild mental retardation observed in ATR-X patients with an Arg37Stop (R37X) mutation in exon 2 is accompanied by reduced expression of ATRX protein in lymphoblastoid cells (Howard et al., 2004) . Three males with ChudleyLowry syndrome (Chudley et al., 1988) have been found to exhibit the ATRX R37X mutation (Abidi et al., 2005) . We recently generated ATRX mutant mice lacking exon 2 (ATRX ⌬E2 mice) that showed mild learning impairments (Nogami et al., 2010) . The particular mutation carried by these mice corresponds that seen in a variant of human ATR-X syndrome, which includes Chudley-Lowry syndrome.
Mental retardation has been consistently associated with changes in dendrite arborization and dendritic spine morphology (Kaufmann and Moser, 2000). More than three decades ago, Purpura (1974) reported abnormal long, thin spines resembling immature filopodia in the motor cortex of mentally retarded children, suggesting that aberrant dendritic arborization and spine morphology is associated with that condition. Ca 2ϩ /calmodulin-dependent protein kinase II (CaMKII) is a serine/threonine kinase regulated by intracellular calcium and significantly by activity of the NMDA receptor in spine postsynaptic densities. In dendritic spines, CaMKII is associated with NMDA receptor subunits NR1 and NR2B (Merrill et al., 2005) and with other cytoskeletal elements, such as densin-180 and ␣-actinin-2 in the postsynaptic density (Robison et al., 2005) . CaMKII␤ subunits also directly bind to F-actin (Shen et al., 1998) , thereby modulating actin dynamics in cultured hippocampal neurons (Fink et al., 2003) and rat slice cultures (Okamoto et al., 2004) . We also have provided strong evidence that CaMKII contributes to structural plasticity and spine formation in hippocampal neurons (Jourdain et al., 2003) .
Here, we show abnormal elevation of CaMKII activity with concomitant remarkable elongation and thinning of spine structure in the medial prefrontal cortex (mPFC) of ATRX ⌬E2 mice. Moreover, we demonstrate that dysregulation of phosphorylation of Rac1-guanine nucleotide exchange factors (GEFs), such as T-cell lymphoma invasion and metastasis 1 (Tiam1) and kalirin-7 by abnormal CaMKII activity in ATRX mutant mice is closely associated with abnormal spine formation.
Materials and Methods

Animals. Generation of homozygous ATRX
⌬E2 mice has been described by Nogami et al. (2010) . ATRX ⌬E2 mice exhibit normal phenotypes with regard to survival and fertility. Adult 12-week-old male mice were used in all experiments. Mice were housed under climatecontrolled conditions with a 12 h light/dark cycle, and were provided standard food and water ad libitum. The experiments were approved by Institutional Animal Care and Use Committee at Tohoku University (permission No. 21-Pharm-Animal-1).
Behavioral tests. Y-maze and novel object recognition tests were performed as described previously (Han et al., 2008) . The Y-maze apparatus, used to measure spontaneous alternation behavior, consisted of three identical black Plexiglas arms (l ϫ width ϫ height, 50 ϫ 16 ϫ 32 cm). Mice were placed at the end of one fixed arm and allowed to move freely through the maze during an 8 min session. The sequence of arm entries was recorded, and three consecutive choices were defined as one succeeded alternation. The percentage of alternations was calculated as (actual alternations/maximum alternations) ϫ 100. The total number of arms entered during the session was also determined. The novel object recognition test evaluates a rodent's ability to discriminate between familiar and novel objects. Exploratory behavior in the presence of a novel object requires memory-related processes. For this test, during acquisition phases two objects of the same material were placed symmetrically positioned from the center of the chamber (35 ϫ 25 ϫ 35 cm) for 10 min. At 1 or 24 h after the last training, one object was replaced by a novel one and exploratory behavior was again analyzed during a 5 min period. Exploration of an object was defined as rearing on the object, sniffing it at a distance of Ͻ1 cm, and/or touching it with the nose. Successful recognition of a previously explored object is reflected by preferential exploration of the novel object. Discrimination of spatial novelty was assessed by comparing the difference in time of exploration of the novel and familiar object and the total time spent exploring both objects, a value that made it possible to adjust for differences in total exploration time. The Barnes maze was designed to test spatial learning and memory in rodents (Patil et al., 2009) . It consists of a circular platform (92 cm in diameter) with 20 holes (hole diameter: 5 cm) along the perimeter. At the beginning of each trial, the mouse is placed in the middle of the maze in a cylindrical start chamber (7.5 cm). After 10 s, the chamber is lifted and the mouse is free to explore the maze. The test ends when the mouse enters the goal tunnel or after 3 min have elapsed. Immediately after the mouse enters the tunnel, the mouse is allowed to stay in the tunnel for 1 min. Mice were trained for two trials per day for 4 d. The following parameters were recorded: errors and search time required to escape into the tunnel. Errors were defined as nose pokes and head deflections over any hole that did not lead to a tunnel.
Contextual fear-conditioning test was performed as described previously (Nogami et al., 2010) . Briefly, in the conditioning session, mice were placed in the conditioning chamber and allowed to explore for 120 s. An electric footshock (0.5 mA, 100 V, 2 s) was then delivered, and after 30 s mice were returned to the home cage. Contextual fear memory tests were run by placing the mice back in the conditioning chamber for 360 s at 1 d, 3 d (recent memory), or 17 d (remote memory) after the conditioning session. Freezing was defined as immobility of animals lasting Ͼ0.5 s.
Measurement of locomotor activity during a 24 h period was performed as previously described (Shioda et al., 2010) . Mice were housed individually in standard plastic cages and positioned in an automated open-field activity monitor using digital counters with an infrared sensor (DAS system, Neuroscience) in an isolated room under dim light between 8:30 A.M. and 8:30 P.M. Elevated plus maze test designed to assess the fear response was performed as described previously (Pellow et al., 1985) . The apparatus consisted of a central 6 ϫ 6 cm platform and four arms radiating from the platform in the shape of a plus. The maze floor consisted of a central platform (6 ϫ 6 cm), two open arms (30 cm in length, 6 cm in width), and two enclosed arms (30 cm in length, 6 cm in width, 15 cm high with nontransparent side and end walls). The maze floor was elevated to 70 cm above floor level. At the beginning of the 5 min test session, mice were placed in the center facing one enclosed arm. The following parameters were scored: (1) the number of total, open, and closed arm entries; and (2) time spent in different parts of the maze (open and closed arms, and central platform).
The light/dark transfer test was performed as described previously (Crawley and Goodwin, 1981) . The white compartment was brightly illuminated with a light source, while the dark compartment was covered by a black top. Compartments were connected by a small opening (5 ϫ 5 cm wide) located in the center of the partition at floor level. Animals were individually placed in the dark compartment facing away from the opening and allowed to freely explore the apparatus for 10 min. The following behaviors were scored: (1) number of shuttle crossings between the two compartments (number of entries in light compartment); (2) time spent in the light compartment; and (3) latency to the first entry into the light compartment.
Tissue slice preparation. For immunohistochemical and spine morphological studies, mice were anesthetized with pentobarbital and perfused via the ascending aorta with PBS, pH 7.4, until the outflow became clear, followed by 0.1 M phosphate buffer, pH 7.4, containing 4% paraformaldehyde (PFA). The brain was removed, postfixed in the same solution at 4°C, and then sliced using a vibratome (Dosaka EM). Coronal sections were prepared for immunohistochemistry, and sagittal sections were stained with hematoxylin and eosin.
Spine morphological studies using Lucifer yellow labeling in fixed slices. Intracellular Lucifer yellow (LY) labeling methods were performed as described previously (Murakawa and Kosaka, 2001) . After LY injections into a large number of pyramidal neurons in the mPFC and hippocampal CA1 region, sections were fixed in the 0.1 M phosphate buffer, pH 7.4, containing 4% PFA for 5 d; washed several times with PBS; incubated 1 h in PBS containing with 1% BSA, 0.3% Triton X-100, and 0.1% NaN 3 (blocking solution); and reacted with a rabbit anti-LY polyclonal antibody (1:5000, Invitrogen) in blocking solution at 20°C for 5 d. After washing, sections were incubated for 3 h with Alexa 488-labeled antirabbit IgG (1:500, Invitrogen). After several washes in PBS, sections were mounted on slides with Vectashield (Vector Laboratories). Immunofluorescent images were analyzed using a confocal laser scanning microscope (TCS, Leica/Olympus).
Immunohistochemical studies. Immunohistochemical studies were performed as previously described (Shioda et al., 2010a) . Briefly, 50-mthick brain sections were incubated for 30 min in PBS containing 0.01% Triton X-100, in blocking solution for 1 h, and with various primary antibodies in blocking solution at 20°C for 5 d. Antibodies included mouse monoclonal antibodies against microtubule-associated protein-2 (MAP-2) (1:1000, Millipore); neuronal nuclear antigen (NeuN) (1:1000, Millipore); glial fibrillary acidic protein (GFAP) (1:1000, Sigma-Aldrich); and rabbit polyclonal antibody against ATRX (H-300, 1:1000, Santa Cruz Biotechnology). After thorough washes in PBS, sections were incubated with secondary antibodies in blocking solution at 20°C for 1 d. Antibodies included Alexa 594-labeled anti-mouse IgG and Alexa 448-labeled anti-rabbit IgG (1:500, Invitrogen). For nuclear staining with propidium iodide (PI), 50-m-thick sections were incubated for 30 min in PBS containing 0.01% Triton X-100, for 1 h in blocking solution, and for 5 d with rabbit polyclonal antibody against ATRX (1:1000, Santa Cruz Biotechnology) in blocking solution at 20°C. After thorough washing with PBS, sections were incubated for 1 d with Alexa 448-labeled anti-rabbit IgG (1:500, Invitrogen). After several PBS washes, sections were incubated with PI (1:200 in PBS, Invitrogen) for 10 min.
Cell counting and spine morphological analysis. Cells staining positive for ATRX, NeuN, or GFAP in the infralimbic (IL) and prelimbic (PrL) regions of mPFC were counted in 16 random sampling boxes measuring 50 ϫ 50 ϫ 30 m (four sections per mouse; n ϭ 3 mice; 50 m apart). Spine morphological analyses were undertaken in layer II/III in IL and PrL regions of mPFC and in hippocampal CA1 regions from 8 to 11 neurons per mouse (from 17 to 20 oblique dendritic arbors of apical and basal dendritic arbors per mouse; n ϭ 3 mice). Spine length was calculated as the radial distance from the tip of spine head to the dendritic shaft. Spine head diameters were measured along an axis perpendicular to the spine neck, approximately in the middle of the spine head. For most spines, this diameter corresponded to the maximum dimension of the spine head. In cases where the spine head showed irregular morphology, or if the spine head maximum diameter was not perpendicular to the neck, we measured maximum head diameter. Spines were categorized according to Irwin et al. (2002) , along an immature-to matureappearing spine continuum. For branching analysis, the complexity of basal dendrite branching was estimated by counting the number of branches on each dendrite. Data were expressed as means of the number of branches per dendrite. Measurements were done using ImageJ (National Institutes of Health freeware). The position of IL and PrL regions in the mPFC and hippocampal CA1 regions was identified using the criteria of Paxinos and Franklin (2001) .
Immunoprecipitation and immunoblotting analysis. Immunoprecipitation and immunoblotting analysis was performed as previously described (Shioda et al., 2010a) . Mouse brains were immediately removed and perfused in ice-cold buffer for 3 min (0.32 M sucrose, 20 mM TrisHCl, pH 7.4). mPFCs were dissected and then homogenized in 200 l of buffer containing 50 mM Tris-HCl, pH 7.4, 0.5% Triton X-100, 0.5 M NaCl, 4 mM EDTA, 4 mM EGTA, 1 mM Na 3 VO 4 , 50 mM NaF, 1 mM DTT, 2 g/ml pepstatin A, 1 g/ml leupeptin, and 100 nM calyculin A, and then treated with Laemmli's sample solution and boiled for 3 min. Antibodies included rabbit polyclonal antibodies against p-CaMKII (␣-Thr286/␤-Thr287) (1:5000) (Fukunaga et al., 1988) ; CaMKII (1:5000) (Fukunaga et al., 1988) ; synapsin I (1:1000) (Fukunaga et al., 1992) ; protein phosphatase 1 (PP1) (1:1000, the catalytic subunit of PP1␥-1 and -2) (Fukunaga et al., 2000) ; PP2A catalytic subunit (1:1000) (Fukunaga et al., 2000) ; calcineurin (1:1000) (Shioda et al., 2006) ; p-CaMKI (Thr177), CaMKI (Han et al., 2009) ; p-CaMKIV (Thr196), CaMKIV (Kasahara et al., 1999) , NR1, kalirin, p21-activated kinase 3 (PAK3), spinophilin, glutamate receptor 1 (GluR1), p-Ser/Thr, p-protein kinase C␣ (PKC␣) (Ser657), PKC␣ (all at 1:1000, Millipore); Tiam1 (1:1000, Calbiochem); ATRX (H-300, 1:500, Santa Cruz Biotechnology); and p-PAK1 (Thr423), p-PAK2 (Thr402), p-PAK3 (Thr421), PAK1, PAK2, myosin II regulatory light chain (MLC), p-MLC (Ser19), extracellular signal-regulated kinase (ERK), p-ERK (Thr202/Tyr204) (all at 1:1000, Cell Signaling Technology). Mouse monoclonal antibodies used included ␤-tubulin (1:10000, Sigma-Aldrich); postsynaptic density-95 (PSD95) (1:1000, Affinity Bioreagents); MAP-2 (1:1000, Millipore); and GFAP (1:1000, Sigma-Aldrich).
CaMKII and protein phosphatase activity assays. Briefly, frozen mPFC samples were homogenized with a handheld homogenizer in 200 l of homogenizing buffer containing 0.5% Triton X-100, 50 mM Tris-HCl, pH 7.4, 0.15 M NaCl, 4 mM EDTA, 4 mM EGTA, 1 mM Na 3 VO 4 , 50 mM NaF, 1 mM DTT, 2 g/ml pepstatin A, and 1 g/ml leupeptin. Materials insoluble in 0.5% Triton X-100 (the crude postsynaptic density fraction) were separated by centrifugation at 15,000 rpm for 10 min. Measurement of CaMKII activity was performed as described previously (Fukunaga et al., 1989) . PP1, PP2A, and PP2C activities were assessed as described previously (Fukunaga et al., 2000) . Calcineurin (CaN) activity was assessed as described previously (Shioda et al., 2006) .
Quantification of mRNA by real-time PCR. Total RNA were prepared from mPFC and whole hippocampus, hippocampal CA1, and dentate gyrus using TRIZOL Reagent. mRNA was reverse transcribed to single-stranded cDNA as described previously (Takeuchi and Fukunaga, 2003) . Real-time PCR was performed in 48-well PCR plates (Mini Opticon Real-Time PCR System, Bio-Rad Laboratories) using iQ SYBR Green Supermix 2X (Bio-Rad Laboratories). Primer sequences were as follows: mouse PP1␥1 primers; 5Ј-CATCGACAGCATCATCCAAC-3Ј, 5Ј-GGAAAGCCACCGTAT-TCAAA-3Ј; mouse GAPDH (glyceraldehyde 3-phosphate dehydrogenase) primers; 5Ј-TGTGTCCGTCGTGGATCTGA-3Ј, 5Ј-CACCACCTTCTT-GATGTCATCATAC-3Ј. Relative quantities of the gene of interest were determined by the comparative threshold cycle (␦CT) method and normalized to GAPDH quantities. Purity and specificity of all products were confirmed by omitting the template and by performing a standard melting curve analysis.
Cell culture. Neonatal mouse cortical cell cultures were performed as previously described (Fukunaga et al., 1992) . Briefly, cortexes were removed from mice at postnatal day 1 and placed in growth medium. Growth medium consisted of Eagle's minimum essential medium containing 10% fetal bovine serum, 10% horse serum, 2% Nu serum, and 12 ng/ml nerve growth factor. Cells were mechanically dissociated by trituration with fire-polished Pasteur pipettes and seeded on a 35 mm dish coated with 0.01% poly-L-lysine (Sigma-Aldrich). One day after plating neurons, the culture medium was replaced by the growing medium lacking 10% fetal bovine serum, and cells were maintained in humidified 95% air and 5% CO 2 at 37°C for 14 d. At 1 and 10 d after plating neurons, cultures were treated with 5 or 1 M cytosine-␤-arabinofuranoside to prevent the replication of nonneuronal cells, respectively. For okadaic acid stimulation, the culture dishes were replaced with or without KN-93 (20 M, Sigma-Aldrich) dissolved in Krebs-Ringer HEPES (KRH) solution containing 128 mM NaCl, 5 mM KCl, 1 mM NaHPO 4 , 1.2 mM MgSO 4 , 10 mM glucose, and 20 mM HEPES, pH 7.4. After incubation for 30 min, cells were incubated with KRH with or without okadaic acid (1 M; Wako). After incubation for 15 min, the medium was quickly aspirated, and the plated cells were frozen on liquid N 2 .
Chronic KN-93 infusion into mPFC. Chronic KN-93 infusion into mPFC was performed as previously described (Shioda et al., 2010b) . Briefly, KN-93 (30 nmol in total per mouse) or vehicle alone (wild-type or ATRX ⌬E2 mice) was infused into the right brain lateral ventricle for 14 d with a micro-osmotic pump (model 1004; flow rate, 0.11 l/h; Alzet Osmotic Pumps). The cannula was implanted stereotaxically at the following coordinates: anterior, 1.7 mm; lateral, 0.5 mm; depth, 2 mm (relative to the bregma and the surface of the brain).
Statistical evaluation. All values reported were expressed as means Ϯ SEM. Comparison between two experimental groups was made using the unpaired Student's t test. For cumulative distribution of spine length and spine head diameter, the Kolmogorov-Smirnov (K-S) test was used. Data from Barnes maze test and contextual fear-conditioning test were analyzed using two-way ANOVA, followed by one-way ANOVA for each group and Dunnett's tests. p Ͻ 0.05 was considered significant.
Results
ATRX
⌬E2 mice show impaired learning memory and cognitive function Deficits in cognitive function as well as increased anxiety are prominent features of X-linked mental retardation syndromes in humans. To better understand the role of ATRX in these behaviors, we analyzed learning memory and anxiety behaviors in ATRX ⌬E2 mice. Since there was no difference in spontaneous locomotor activity during a 24 h period observed between wild-type and ATRX ⌬E2 mice (data not shown), behavioral experiments were conducted during the daytime period. In a Y-maze test, ATRX ⌬E2 mice showed decreased alternation behavior (Fig. 1A , left) (wild-type mice, 70.3 Ϯ 2.2%; ATRX ⌬E2 mice, 49.3 Ϯ 4.0%; t ϭ 4.63; n ϭ 10; p Ͻ 0.01), with no effect seen in total number of arm entries ( Fig. 1 A, right) , implying impaired spatial reference memory. In the novel object recognition test, the discrimination index did not differ between wild-type and ATRX ⌬E2 mice in the condition trial ( Fig. 1 B, left) . However, in the test trial, ATRX ⌬E2 mice failed to discriminate a novel object from a familiar one at 1 and 24 h after the condition trial ( Fig. 1 B, center) (1 h: wild-type mice, t ϭ 3.35, p Ͻ 0.01; ATRX ⌬E2 mice, t ϭ 1.47, p ϭ 0.18, n ϭ 10 each); (Fig. 1 B, right) (24 h: wild-type mice, t ϭ 3.86, p Ͻ 0.01; ATRX ⌬E2 mice, t ϭ 0.43, p ϭ 0.68; n ϭ 10 each). In the Barnes maze test, the latency time to enter into the target hole significantly decreased along 4 training days in wild-type mice, indicating normal improvement of cognitive performance (Fig. 1C) . By contrast, the cognitive performance of ATRX ⌬E2 mice did not improve, as evidenced by significantly longer latency times than those seen in wild-type mice [genotype ϫ day in latency time (F (3,55) (Fig. 1 D) [genotype ϫ day in freezing time (F (2,59) ϭ 10.6, p ϭ 0.005); n ϭ 10 each]. Finally, to evaluate unconditioned anxiety behavior, animals were tested in an elevated plus maze and light/dark transfer paradigms. No behavioral abnormality was observed between wild-type and ATRX ⌬E2 mice in unconditioned anxiety behaviors (data not shown). Together, ATRX ⌬E2 mice exhibited impaired cognitive function and learning memory compared with wildtype mice, but no evidence of altered anxiety-like behavior.
ATRX protein is expressed in both neuronal and glial cells
To evaluate gross changes in brain between wild-type and ATRX ⌬E2 mice, we analyzed total brain weight and cell density. The brains of adult ATRX ⌬E2 mice did not display gross histological abnormalities, such as aberrations in cortical layer formation, but total brain weight was significantly lower in mutant compared with wild-type mice, consistent with the decreased body weight reported in Nogami et al. (2010) (Fig. 2 A) (wild-type mice, 0.49 Ϯ 0.01 g; ATRX ⌬E2 mice, 0.46 Ϯ 0.01 g; t ϭ 2.23; n ϭ 10; p Ͻ 0.05). Cortical mPFC neurons are essential for normal cognitive performance related to working memory and attention (Morgan et al., 1993) . Therefore, we analyzed pyramidal neurons of layer II/III, which have long ipsilateral and contralateral corticocortical (associative) projections. Also in monkeys, increases in action potential firing rates of this neuronal population are associated with cognitive performance (Schwartz and GoldmanRakic, 1984; Chang et al., 2005) . Consistent with a previous in vitro study (McDowell et al., 1999) , areas showing dense ATRX staining in wild-type mice colocalized with PI-bright nuclear regions in the mPFC region (Fig. 2 B) . Nuclear ATRX staining exhibited a punctate pattern coincident with the location of PIstained heterochromatin (Fig. 2 B, top, high-magnification  images) . ATRX ⌬E2 mice showed decreased ATRX immunoreactivity (Fig. 2 B, bottom) . MAP-2 immunostaining revealed no differences in the length of primary dendrites in layer II/III pyra- ⌬E2 mice were significantly decreased compared with behavior seen in wild-type mice, without changes in total arm entries. Each bar represents the mean Ϯ SEM. **p Ͻ 0.01 versus wild-type mice; n ϭ 10 in each group. B, Novel object recognition task. Shown is the discrimination index of object exploration during the sample phase (left), and while exploring familiar and new objects in the test phase after 1 h (center) and 24 h (right). Each bar represents the mean Ϯ SEM. **p Ͻ 0.01 versus the familiar objects, respectively; n ϭ 10 in each group. C, Barnes maze test measurement of total latency (s) to reach the target hole. Each bar represents the mean Ϯ SEM. *p Ͻ 0.05 versus wild-type mice, #p Ͻ 0.05, ##p Ͻ 0.01 versus day 1 of the same group; n ϭ 8 -9 in each group. D, Contextual fear-conditioning test measurement of freezing time (%). Each bar represents the mean Ϯ SEM. *p Ͻ 0.05, **p Ͻ 0.01 versus wild-type mice; n ϭ 10 in each group. WT, Wild-type mice; ATRX ⌬E2 , ATRX ⌬E2 mice.
midal neurons in ATRX ⌬E2 mice compared with wild-type mice, and the densities of these fibers and branched dendritic trees were indistinguishable from those seen in wild-type mice (Fig. 2C) . To analyze which cell types express ATRX in the mPFC, immunohistochemistry was performed using the cell-type-specific markers NeuN, which is expressed in nuclei of mature neurons, and GFAP, an astroglial marker. No significant change in the densities of NeuN-or GFAP-positive cells was observed in the mPFC region of wild-type and ATRX ⌬E2 mice (Fig. 2 D) 
ATRX
⌬ E2 mice exhibit abnormal dendritic spines in the mPFC, but not in hippocampal CA1 neurons ATRX ⌬E2 mice showed impairments of cognitive functions and spatial memory. Since mPFC and hippocampus are involved in cognition and spatial memory (Brown and Aggleton, 2001; Frankland and Bontempi, 2005) , we investigated whether ATRX ⌬E2 mice change in structure of the dendritic spines in the mPFC and hippocampus. In LY-injected pyramidal neurons of the mPFC, abnormal thin and long spines resembling filopodia were observed in ATRX ⌬E2 mice (Fig. 3 A, B ) compared with wild-type mice. In apical dendrites, the spine length distribution was shifted to the right in ATRX ⌬E2 compared with wild-type mice, indicating a higher proportion of long and filopodia-like spines in ATRX ⌬E2 mice (Fig. 3C) Figure 3E , ATRX ⌬E2 mice showed increased numbers of immature-appearing and fewer mature-appearing spines than did their wild-type counterparts (mature-appearing spines: wildtype mice, 17.8 spines/20 m dendrite length; ATRX ⌬E2 mice, 10.7 spines/20 m dendrite length; p Ͻ 0.001; immatureappearing spines: wild-type mice, 2.8 spines/20 m dendrite length; ATRX ⌬E2 mice, 8.9 spines/20 m; p Ͻ 0.001) without a change in total spine numbers (wild-type mice, 20.7 spines/20 m; ATRX ⌬E2 mice, 19.6 spines/20 m; p ϭ 0.16). Similar results were obtained when we analyzed basal dendritic spines in the mPFC (Fig. 4 A-D) . Cumulative percentage of spines in spine neck length was changed in ATRX ⌬E2 mice compared with wild-type mice (Fig. 4 B) Furthermore, we examined the spine morphology of basal dendritic spines in hippocampal CA1 neurons. There were no significant changes in the spine neck length and spine head diameter in hippocampal CA1 neurons between wild-type and ATRX ⌬E2 mice (Fig. 4 E-H ) . The relationship of the cumulative percentage of spines to spine neck length is shown in Figure 4 F (n ϭ 3577 spines from three wild-type mice; n ϭ 3850 spines from three ATRX ⌬E2 mice; p Ͼ 0.05, K-S test) (mean spine neck length: wild-type mice, 0.77 Ϯ 0.02 m; ATRX ⌬E2 mice, 0.79 Ϯ 0.02 m; p Ͼ 0.05). The relationship of the cumulative percentage of spines to spine head diameter distribution is shown in Figure 4G 
CaMKII autophosphorylation is significantly increased in the mPFC of ATRX⌬E2 mice
Since we previously found that injection of active autophosphorylated CaMKII into pyramidal neurons increases filopodia-like spines (Jourdain et al., 2003) , we analyzed CaMKII autophosphorylation both in total homogenates and in fractions containing crude PSDs in the mPFC of ATRX ⌬E2 mice. First, we confirmed our previous observation of markedly decreased levels of ATRX protein in ATRX ⌬E2 mice (Fig.  2 B) (Nogami et al., 2010) and found that ATRX protein expression in ATRX ⌬E2 mouse mPFC was reduced to 30% of wildtype levels (Fig. 5B) (t ϭ 5.75 , p Ͻ 0.01, n ϭ 6). Interestingly, autophosphorylation of both CaMKII ␣ and ␤ subunits was markedly increased (Fig. 5B ) (␣ subunit: 148.7 Ϯ 9.2%, t ϭ 3.43; ␤ subunit: 192.9 Ϯ 24.4%, t ϭ 3.79; p Ͻ 0.05; n ϭ 6 each) without changes in protein levels of either isoform. We also analyzed protein kinase activities of other Ca 2ϩ /CaMdependent protein kinases, such as CaMKI and CaMKIV, and of Ca 2ϩ -regulated protein kinases, such as ERK and PKC␣. We found no significant differences in these protein kinase activities between wild-type and ATRX ⌬E2 mice in total mPFC homogenates (data not shown). Since CaMKII is localized in PSD, where it accumulates in response to NMDA receptor stimulation (Shen and Meyer, 1999; Kennedy, 2000) , we measured levels of CaMKII autophosphorylation in Triton X-100-insoluble fractions containing PSDs (Fig. 5C ). As expected, CaMKII autophosphorylation was significantly increased in Triton X-100 insoluble fractions obtained from ATRX ⌬E2 mouse mPFC compared with wild-type mice. However, a slight increase in CaMKII autophosphorylation was also seen in soluble fractions from the ATRX ⌬E2 mouse mPFC. We further confirmed increased CaMKII activity by measuring Ca 2ϩ -independent CaMKII activity in both Triton X-100-soluble and -insoluble fractions. Consistent with immunoblotting results, a large increase in Ca 2ϩ -independent CaMKII activity was found in the insoluble fraction with a small increase in the soluble fraction (Fig. 5E ) (insoluble fraction: 162.1 Ϯ 10.3%, t ϭ 4.2, p Ͻ 0.01; soluble fraction: 128.9 Ϯ 8.7%, t ϭ 3.22, p Ͻ 0.05; n ϭ 6 each).
Phosphorylation of Rac1-GEFs pathway is increased in ATRX⌬E2 mice
GEF activity of Tiam1 toward Rac1 is enhanced through Tiam1 phosphorylation by CaMKII (Fleming et al., 1999) , and Tiam1 phosphorylation is coupled to NMDA receptor stimulation in cultured cortical neurons (Tolias et al., 2005) . Furthermore, kalirin-7, another GEF toward Rac1, is also phosphorylated by CaMKII at residues Thr95 and Thr778 (Xie et al., 2007) . Therefore, we asked whether Tiam1 and kalirin-7 phosphorylation was elevated in ATRX ⌬E2 mouse. When we performed immunoblotting of immunoprecipitated Tiam1 and kalirin with an anti phospho-Ser/Thr antibody, we observed that phosphorylation of Tiam1 (t ϭ 4.63, p Ͻ 0.01, n ϭ 6) and kalirin-7 (t ϭ 3.92, p Ͻ 0.01, n ϭ 6) was markedly enhanced in ATRX ⌬E2 mouse compared with wildtype mice, but no changes were seen in total protein levels (Fig.  6 A) . These results suggest that Tiam1 and kalirin-7 phosphorylation is likely enhanced by elevated CaMKII activity in the mPFC of the ATRX ⌬E2 mouse. Activation of Rac1 by GEFs such as Tiam1 and kalirin-7 likely stimulates PAKs (Bokoch, 2003) . We thus determined autophosphorylation and concomitant activation of PAKs (PAK1, PAK2, and PAK3) (Manser et al., 1995; Lei et al., 2000) . Immunoblotting with phospho-specific antibodies recognizing p-PAK1/3 (Thr421/ Thr423; t ϭ 3.87, p Ͻ 0.05, n ϭ 6) and p-PAK2 (Thr402; t ϭ 5.21, p Ͻ 0.01, n ϭ 6) revealed significant increases in phospho-proteins in ATRX ⌬E2 mice compared with wild-type mice, with no changes in total protein (Fig. 6B) . We confirmed PAK activation by analyzing phosphorylation of MLC (Ramos et al., 1997) . Immunoblot analysis indicated that MLC (Ser19) phosphorylation was markedly increased (t ϭ 4.81, p Ͻ 0.01, n ϭ 6) without changes in MLC protein in ATRX ⌬E2 mouse (Fig. 6C) . Spines are highly specialized F-actin-rich dendritic protrusions that contain spinophilin, and F-actin-and PP1-binding protein (Allen et al., 1997) . Spinophilin protein expression level was significantly decreased in ATRX ⌬E2 mice (t ϭ 2.88, p Ͻ 0.05, n ϭ 6). In contrast with the markedly increased activities of CaMKII and PAKs, protein expression levels of other postsynaptic, plasticity-related proteins, including PSD95, NR1, and GluR1, and of the presynaptic protein synapsin 1, were unchanged in ATRX ⌬E2 mice (Fig. 6C) . These results indicate that aberrant CaMKII activation and elevation of Rac1-GEF/PAK signaling occurs in the mPFC of ATRX ⌬E2 mice in the absence of changes in levels of synapse-associated proteins.
PP1 expression and activity significantly decrease in ATRX⌬E2 mice
Since PP1 (Schworer et al., 1986) , PP2A (Lai et al., 1986) , and PP2C (Fukunaga et al., 1993) can dephosphorylate autophosphorylated CaMKII, we hypothesized that changes in activities of these protein phosphatases underlie increased CaMKII activity in ATRX ⌬E2 mice. As expected, protein expression levels of the catalytic ␥ subunit of PP1, which is highly localized to PSD and dendritic spines (Ouimet et al., 1995) , were selectively decreased (61.5 Ϯ 6.3%, t ϭ 3.53, p Ͻ 0.01, n ϭ 6) without changes in other protein phosphatases, including the PP2A catalytic subunit and CaN (Fig. 7 A, B) . Decreased PP1 plus PP2A activity was observed in Triton X-100-insoluble fractions from ATRX ⌬E2 mice (Fig. 7C ) (62.8 Ϯ 10.6%, t ϭ 3.34, p Ͻ 0.01, n ϭ 6). Activities of PP1 plus PP2A (90.5 Ϯ 2.65%, t ϭ 1.99, p ϭ 0.1, n ϭ 6), CaN (83.2 Ϯ 6.9%, t ϭ 1.61, p ϭ 0.073, n ϭ 6), and PP2C (91.4 Ϯ 2.0%, t ϭ 2.45, p ϭ 0.069, n ϭ 6) in the Triton X-100-soluble fraction were also slightly decreased in ATRX ⌬E2 mice compared with wild-type mice, but those changes were not statistically significant. Real-time PCR analysis showed that mRNA expression of PP1␥1 was significantly decreased in mPFC of ATRX ⌬E2 mice (78.1 Ϯ 6.9%, t ϭ 2.63, p Ͻ 0.05, n ϭ 9 -10), but not in hippocampus, hippocampal CA1, and dentate gyrus ( p Ͼ 0.05, n ϭ 9 -10 each).
Increased phosphorylation of Tiam1 and kalirin-7 by okadaic acid is inhibited by KN-93 in cultured cortical neurons
To confirm involvement of CaMKII activity in phosphorylation of Tiam1 and kalirin-7, we examined whether KN-93, a CaMKII inhibitor, inhibits phosphorylation of Tiam1 and kalirin-7 in cultured cortical neurons. The CaMKII activity/autophosphorylation was stimulated by treatment with okadaic acid, a protein phosphatase PP1/2A inhibitor (Fig. 8 A, B ) (␣ subunit: 176.9 Ϯ 33.6%, t ϭ 2.65; ␤ subunit: 173.9 Ϯ 24.2%, t ϭ 2.7, p Ͻ 0.05, n ϭ 5 each) without changes in total CaMKII proteins. Concomitant with the increase in CaMKII autophosphorylation, the phosphorylation of Tiam1 (t ϭ 2.84, p Ͻ 0.05) and kalirin-7 (t ϭ 4.47, p Ͻ 0.01) was significantly increased following okadaic acid treatment. The phosphorylation of downstream targets PAK (t ϭ 2.54, p Ͻ 0.05) and MLC (t ϭ 2.6, p Ͻ 0.05) was also significantly enhanced by okadaic acid without changes in the total protein level of each (Fig. 8 A, B) (n ϭ 5 each). As expected, KN93 (20 M) treatment totally inhibited the increased CaMKII autophosphorylation by okadaic acid (␣ subunit: 102 Ϯ 13.4%, t ϭ 2.55; ␤ subunit: 116.1 Ϯ 12.8%, t ϭ 2.58; p Ͻ 0.05). Similarly, the increased phosphorylation of Tiam1 (t ϭ 2.9, p Ͻ 0.05), kalirin-7 (t ϭ 3.76, p Ͻ 0.01), PAK (t ϭ 2.51, p Ͻ 0.05), and MLC (t ϭ 2.64, p Ͻ 0.05) (n ϭ 5 each) was inhibited by KN-93 treatment.
Abnormal spine morphology in ATRX⌬E2 mice is inhibited by KN-93 infusion into mPFC
We finally confirmed whether inhibition of CaMKII activity with chronic KN-93 administration reverses abnormal dendritic spine morphology observed in mPFC of ATRX ⌬E2 mice. In apical dendritic spines, KN-93 infusion into mPFC partly reversed the generation of long-neck spines observed in ATRX ⌬E2 mice (Fig. 8C ) (n ϭ 2234 spines from three wild-type mice, n ϭ 2451 spines from three ATRX ⌬E2 mice; n ϭ 1900 spines from three KN-93-treated ATRX ⌬E2 mice; p Ͻ 0. 
Discussion
The critical finding reported in the present study is that aberrant dendritic spine formation occurs in the mPFC of ATRX ⌬E2 mouse brain, a mouse mutant representative of mutations seen in a human disorder associated with mental retardation. Long and thin spine formation likely underlies deficits of learning and cognitive function observed in ATRX ⌬E2 mice. The second significant observation is that aberrant CaMKII activation is associated with abnormal spine formation through elevated PAK activities via Tiam1 and kalirin-7 phosphorylation. Finally, reduced PP1 protein levels and activity likely mediate in part aberrant CaMKII activation in the mPFC (Fig. 9) . ATRX-null mutant mice, in which conditional deletion of ATRX exon 18 promotes loss of cortical mass due to increased neuronal apoptosis during early stages of cortical development, rarely survive past the first 2 postnatal days (Bérubé et al., 2005) . Thus, ATRX protein is essential for normal development and cortical organization of the brain. Since null ATRX mutations do not exist in humans, mutation creating premature stop codon results in low-level expression of full-length ATRX protein in humans (Gibbons et al., 2008) . Analysis of the 5Ј end of the ATRX gene reveals that a truncated ATRX protein is transcribed from a downstream AUG start codon at residue 40 in exon 2 (Howard et al., 2004) . We also identified splicing variants in which ATRX protein is translated from AUG start codon present in exon 1, 2, or 3 in wild-type mice (Nogami et al., 2010) . Since ATRX gene is composed with 35 exons. The transcribed products from exons 1, 2, and 3 are indistinguishable on normal SDS-PAGE. Since exon 2 was deleted in ATRX ⌬E2 mice, ATRX protein is possibly translated from the downstream AUG codon in exon 3. Thus, the ATRX protein expressed in ATRX ⌬E2 mice has a molecular weight similar to those in wild-type mice, but its expression level is largely attenuated (Fig. 5 A, B) .
Four affected male cousins, who exhibit ATRX mutations in exon 2, reportedly show moderate mental retardation (Guerrini et al., 2000) . Three males with Chudley-Lowry syndrome (Chudley et al., 1988) were also identified to harbor an R37X mutation in exon 2 of ATRX (Abidi et al., 2005) . The relatively mild retardation phenotypes observed in patients with this mutation may be due to the reduced expression of ATRX protein (Howard et al., 2004) . In ATRX ⌬E2 mice, changes in ATRX biochemical activity have not been evaluated. Although the function of shortened ATRX protein, which is translated from downstream AUG codons in exon 3, remains unclear (Nogami et al., 2010) , indicating ATRX ⌬E2 mice may be an animal model of ATR-X syndrome, including Chudley-Lowry syndrome.
Although the long, thin spines seen in the ATRX ⌬E2 mice may due to CaMKII activation, the mechanism underlying elevated CaMKII activity in these mice remains unclear. Reduced PP1 levels and activity likely account in part for increased CaMKII activity. CaMKII localized in the rat forebrain PSD fraction is predominantly dephosphorylated by PP1 (Strack et al., 1997) . We previously showed in vitro that pyramidal cells injected with calyculin A, a PP1/PP2A inhibitor that markedly enhances autophosphorylation of endogenous CaMKII, exhibited filopodia and that new spines were observed in rat hippocampal slice culture (Jourdain et al., 2003) , suggesting that decreased PP1/PP2A activity alters spine morphology. Spinophilin, an actin-and PP1-binding protein, is also specifically enriched in dendritic spines where it functions as a scaffold protein for the AMPA receptor (Allen et al., 1997) . Therefore, a spinophilin/PP1 complex likely plays a role in synapse structural organization by regulating spine morphology through controlling CaMKII activity in spines (Fig.  9) . Neurons from mice lacking spinophilin exhibit disrupted spine formation, with more numerous and elongated spines (Feng et al., 2000) . Disrupting the function of the cytoskeletal spinophilin/PP1 complex also enhanced filopodia formation in HEK293 and COS7 cells (Oliver et al., 2002) and in cultured hippocampal neurons (Terry-Lorenzo et al., 2005) . Likewise, decreased PP1/PP2A activity in Angelman syndrome (AS) model mice correlates with increased phosphorylation of hippocampal CaMKII (Thr286) in PSD and with disruptions in synaptic plasticity, learning, and memory (Weeber et al., 2003) . Thus, we sug- gest that increased CaMKII activity is in part mediated by reduced PP1 activity, particularly in the PSD fraction. We also addressed activation of Rac1-GEFs, including Tiam1 and kalirin-7, as downstream targets for elevated CaMKII activity in ATRX ⌬E2 mice. Tiam1 phosphorylation by CaMKII enhances its nucleotide exchange rate toward Rac1, and such phosphorylation is inhibited in Swiss 3T3 fibroblasts by PP1 treatment (Fleming et al., 1999) . Tiam1 mediates activitydependent increases in spine density during synapse development and maturation in cultured hippocampal and cortical neurons (Tolias et al., 2005) . Likewise, kalirin-7 phosphorylation by CaMKII mediates activity-dependent formation of dendrites and increased spine size in cultured rat cortical neurons (Xie et al., 2007) . Together, Tiam1 and kalirin-7 are potential targets for CaMKII to activate Rac1, thereby leading to aberrant spine formation in ATRX ⌬E2 mice. Interestingly, following contextual fear conditioning, a CpG island in the PP1 gene is modified epigenetically in adult rat hippocampus. DNA methyltransferase gene expression is upregulated and associated with rapid methylation and transcriptional silencing of PP1 during memory consolidation (Miller and Sweatt, 2007) . In ATR-X patients, ATRX mutations give rise to changes in methylation patterns of several highly repeated sequences . We hypothesize that alterations in DNA methylation patterns play a role in mental retardation including ATR-X syndrome, and that decreases in PP1 protein expression result from hypermethylation of a PP1 CpG island and consequent gene silencing. Interestingly, PP1 mRNA levels were significantly decreased in mPFC but not in hippocampus of ATRX ⌬E2 mice. Thus, increased CaMKII activity seen in the mPFC of ATRX ⌬E2 mice could be due to decreased PP1 expression by hypermethylation of a PP1 CpG island. Further extensive studies are required to define this type of gene regulatory activity in ATRX ⌬E2 mice. In contrast to elevated CaMKII activity seen in the mPFC, we previously reported reduced CaMKII activity in the hippocampus of ATRX ⌬E2 mice. Further analysis of epigenetic modifications should be performed to explain paradoxical CaMKII activity in mPFC and hippocampus of ATRX ⌬E2 mice. Like ATR-X syndrome, Rett syndrome is an X-linked neurological condition marked by mental retardation in females and caused by mutations in the methyl-CpG-binding protein 2 (MeCP2) gene (Amir et al., 1999) . MeCP2 phosphorylation at Ser421 by CaMKII is required for MeCP2-dependent regulation of dendritic patterning and spine morphogenesis through activity-dependent induction of brain-derived neurotrophic factor (Zhou et al., 2006) . Notably, MeCP2 can recruit the helicase domain of ATRX to heterochromatic foci in living mouse cells in a DNA methylation-dependent manner (Nan et al., 2007) . AS is also a genetic disorder characterized by movement disorders, seizures, and mental retardation (Williams et al., 1995; Buoni et al., 1999; Laan et al., 1999) . AS model mice show decreased CaMKII activity with concomitant decreases in density and length of dendritic spines in hippocampal and cortical pyramidal neurons (Weeber et al., 2003; Dindot et al., 2008) . When AS model mice were crossed with mouse mutants expressing an activated form of CaMKII, which lacks an inhibitory phosphorylation site at Thr305/306, reduced CaMKII activity was restored and phenotypes seen in AS model mice such as seizure and deficits of longterm potentiation, spatial learning, and fear conditioning (van Woerden et al., 2007) were rescued. Together, dysregulation of CaMKII may be common to cognitive deficits and aberrant spine morphology observed both in AS and ATR-X model mice. Further studies are required to define the mechanisms underlying dysregulated CaMKII activity in these animal models of mental retardation.
In conclusion, we have documented that CaMKII dysregulation potentially underlies aberrant spine formation in ATRX ⌬E2 mice. Phosphorylation of Rac1-GEFs including Tiam1 and kalirin-7 by CaMKII likely mediates aberrant spine formation through PAK activation. However, the precise mechanism of aberrant activation of CaMKII remains unclear. Since PP1 plays a prominent role in regulating CaMKII autophosphorylation in postsynaptic densities (Strack et al., 1997) , our observation of reduced PP1 expression is a key observa- Figure 9 . Schematic representation of altered spine morphology and mechanisms underlying this effect in ATRX ⌬E2 mice. CaMKII activation through the NMDA receptor (NMDA-R) regulates Rac1-GEF, Tiam1, and kalirin-7, dependent on Rac1/PAK activation. PP1 inhibits CaMKII activity by dephosphorylation. The ATRX mutation promotes losses in the spinophilin/PP1 complex, thereby promoting CaMKII cascades abnormally. Activation of CaMKII regulates GEF-dependent Rac1 activation. Finally, GTPbound Rac1 activates PAKs, altering spine formation. AMPA-R, AMPA receptor. tion to resolve this question. We are now analyzing mRNA expression and profiling the methylation state of CpG islands in genes including PP1 and its associated protein spinophilin in ATRX ⌬E2 mice.
